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A B S T R A C T
Over the last two decades, the scientific community and industry have made huge efforts to develop environ-
mental protection technologies. In particular, the scarcity of drinking water has prompted the investigation of
several physico-chemical treatments, and synergistic effects have been observed in hyphenated techniques.
Herein, we report the first example of water treatment under simultaneous hydrodynamic cavitation and plasma
discharge with the intense generation of radicals, UV light, shock waves and charged particles. This highly
reactive environment is well suited to the bulk treatment of polluted water (i.e. E. coli disinfection and organic
pollutant degradation). We have developed a new prototype and have efficiently applied this hybrid technology
to water disinfection and the complete degradation of methanol in water with the aim of demonstrating its
scalability. We have analyzed the mechanisms of water disinfection under the abovementioned conditions and
verified them by measuring cavitation noise spectra and plasma emission spectra. We have also used the de-
gradation of textile dyes and methanol solutions as an indicator for the formation of radicals.
1. Introduction
The results of demographic studies allow us to assume that the
world population will reach 10 billion people by 2050, and, even now,
more than one billion people are suffering from water scarcity. The risk
of epidemics and environmental pollution associated with industrial
activity may also increase sharply. Organic contaminants, aromatic
compounds and pharmaceuticals in drinking water can cause many
diseases, including hormone disruption and cancer. These challenges
make finding new water-treatment technologies increasingly urgent.
Conventional wastewater methods often do not remove complex
organic contaminants [1]. Moreover, techniques for water disinfection
either have severe limitations, are associated with the use of toxic
substances (like chlorine) or are quite expensive. The use of chlorine,
ozone and UV light are well known disinfection techniques.
It is commonly known that chlorination is harmful. In addition,
some microbes are resistant to chlorine [2–4], making the method of
limited applicability.
Ozonation is an expensive method for water disinfection. While
ozone itself is a powerful oxidant that can directly oxidize unsaturated
organic compounds, it is also spontaneously converted into a more
reactive unselective species, •OH, in water. However, ozone is difficult
to disperse or dissolve into water, leading to lower gas–liquid mass
transfer. For this reason, various mixing technologies have to be used to
enhance ozonation and increase efficiency, although this leads to the
drawback of high costs [5–10].
Some types of another advanced oxidation processes based on
mixing technologies, such as the use of hydrogen peroxide, persulfate
and derivative compounds have the same limits [11,12].
UV-treatment methods are very effective for water disinfection, al-
though careful filtration is needed before irradiation. This limits the
economic efficiency of the technique [13].
Recent technological advances in physicochemical transformations
can appreciably contribute to the development of more sustainable
industrial processes. Powerful acoustic cavitation and hot spots that are
generated by ultrasound in solutions and suspensions may be able to
dramatically promote the process [14,15]. Shock waves and microjets
from collapsing cavitation in liquid–solid slurries produce high-velocity
interparticle collisions, the impacts of which are sufficient to melt most
metals
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[16]. Ultrasound has also found important applications in the in-
itiation and enhancement of degradation and catalytic reactions in both
homogeneous and heterogeneous systems [17–23]. High-power ultra-
sound and cavitation are used in wastewater treatment for the activa-
tion of reagents (for example, one of promising methods of water
treatment based on the use of persulfate and peroxymonosulfate in-
volves ultrasound-assisted activation [24–30]) for wastewater treat-
ment, or to enhance ozonation or another types of advanced oxidation
processes [31,32].
Hydrodynamic cavitation has been widely used in environmental
remediation as it offers the advantages of process acceleration and
higher energy efficiency [33]. It has also been combined with ozonation
on a pilot scale [34]. Hydrodynamic cavitation releases large amounts
of energy (shock waves, microjets, shear forces, turbulences, etc.) in a
flowing liquid during the extreme implosion of cavitation bubbles,
which is caused by a drop and successive rise in local pressure [35]. The
mechanisms of the effects caused by hydrodynamic cavitation differ
from those of ultrasound. Besides the cavitation number, other hydro-
dynamic factors, such as inlet pressure, flow rate, velocities in the
constrictions, the ratio between total hole perimeter and the total area
of the openings, and the ratio between the total hole area and the cross-
sectional area of the pipe, complicate the rationalization [36,37].
We have recently shown that an ultrasonic field affects electrical
discharge in water [38], and, in continuous flow, very large volumes of
water can be treated. This is due to the fact, that the discharge becomes
volumetric in the cavitation zone, thus liquid can be treated in a con-
tinuous flow. Some physical aspects of plasma formation are reported in
[38].
In the present work, we investigate the disinfection potential of a
new hybrid technique that simultaneously combines hydrodynamic
cavitation and plasma discharge. Our preliminary findings lead us to
believe that this may be an innovative approach that can overcome the
limitations of previous methods. We have developed a prototype to
treat water in continuous flow with plasma discharge in a cavitation
zone that is generated by the hydrodynamic unit. The prototype is an
original tool that is well suited to both scale-up and numbering-up. The
main goals of our technology are: the disinfection of water and the
removal of persistent organic pollutants (POPs) from wastewater. This
work deals with the design of a new process for water disinfection.
We have developed the following model in order to prove the dis-
infection power of the “hydrodynamic cavitation – plasma discharge”
hybrid technique.
During the growth stage, the radius of cavitation bubbles increases
significantly, and the gas pressure inside the bubble may be very low.
According to Pashen's rule, an electric discharge occurs at low gas
pressures. Consequently, the presence of an electric field can lead to
cavitation bubbles becoming lined up in strings [39]. In this case, the
discharge develops inside the bubbles and also jumps from bubble to
bubble [40–42]. A so-called microchannel is formed between the
electrodes, a dynamic effect that continuously forms and disappears in
the ultrasonic and electric fields. If the abovementioned hypothesis is
correct, we should observe an average glow pattern over the entire
volume of the treated liquid. In fact, this is exactly what was observed
at the start of plasma discharge in the cavitation zone, together with the
generation of hydroxyl radicals, which are produced by water cleavage
during cavitation bubble collapse [43].
+H O H OH2 · · (1)
If there are organic molecules present in the treated water, there are
numerous specific reactions that are capable of producing •OH radicals.
Hydroxyl radicals have very high reduction potential (2.7 eV), and thus
radicals are formed both at the liquid/gas interface and within bubbles
[44,45].
Ozone, which is formed in the presence of ultraviolet radiation and
discharges inside the bubbles, is another potential source of radicals. As
mentioned above, ozone can react with dissolved substances at the gas/
liquid interface, as well as initiate the further production of •OH radi-
cals.
+ + ++O OH H OH O3 · 2· 43 2 (2)
The reaction products are rapidly spread in the liquid flow, and
their distribution is facilitated by cavitation. The free radicals formed
can lead to microorganism inactivation and therefore to water disin-
fection. •OH radicals can penetrate bacteria cell walls and membranes,
and cause severe damage. This process is based on chemical oxidation,
meaning that microorganisms and viruses cannot develop resistance.
Of course, the physical effects of cavitation on microorganisms is an
important stage of disinfection. The shock waves and high temperatures
that occur when cavitation bubbles collapse lead to the weakening of
microorganism structure, facilitating the penetration of radicals and
UV. It is well known that UV light suppresses the activity of micro-
organisms. In addition, UV radiation activates oxidation reactions as it
provides additional energy for chemical-bond breakage [46].
Simultaneous hydrodynamic-cavitation and plasma-discharge
treatment cause shock-waves via the action of collapsing bubbles, ul-
traviolet radiation, hydroxyl radicals and ozone formation. These in-
tense effects in the treated liquid cause:
- Homogenization
- Disinfection by cavitation
- Disinfection by radicals and ozone
- Disinfection by UV light
- Prolonged oxidation after treatment
In summary, the proposed hybrid technology for water disinfection
causes a synergistic effect to occur between the two energy sources.
Although there is a need for further investigation, we can speculate that
this technology has impressive potential uses in a wide number of in-
dustrial and urban applications.
2. Materials and methods
The hybrid reactor designed for the experimental work is depicted
in Fig. 1.
The combined reactor is equipped with two tanks (contaminated
and treated water), a high-pressure pump, a discharge chamber with
two electrodes, a hydrodynamic cavitation unit and a closed safety
vessel to collect gases and vapor. The flow-rate of the laboratory setup
was 1 m3/h. A photograph of the discharge chamber is shown in Fig. 2.
The voltage from the power supply was applied to two replaceable
electrodes that are located at each end of the discharge chamber.
Electrodes made of graphite, silver and brass were used. Hydrodynamic
cavitation in the liquid flow was generated by an efficient unit
(emitter), which has been described in a previous paper [47]. A scheme
of the emitter is shown in Fig. 3. The operation of the emitter is based
on the generation of oscillations in a liquid media, when the jet from
the nozzle interacts with a barrier of a certain shape and size. The
perturbations caused by the obstacle affect the jet base, causing auto-
oscillations. In the experimental setup we used an annular slotted
nozzle, which was formed by two conical surfaces. The barrier had the
shape of a hollow cylinder, dissected along the elements. Thus, the
barrier consisted of cantilever plates, arranged circumferentially. The
hydrodynamic emitter was fixed at the inlet of the discharge chamber,
and the contaminated water was circulated by a high-pressure pump.
Ideally, the electric potential should be applied directly to the hydro-
dynamic emitter. However, for safety reasons, the emitter could not be
used as an electrode. One electrode (ring shape that matches the in-
ternal diameter of the discharge chamber – 8 mm and the outer dia-
meter of the discharge chamber – 10 mm) was fixed close to the hy-
drodynamic emitter. The thickness of the electrode was 4 mm. The
second electrode was fixed at the endo of the discharge chamber. The
chamber was a 200 mm long quartz cylinder, thus the distance between
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the electrodes was 200 mm. Linear velocity of water inside the chamber
was about 5–6 m/s. All experiments were carried out at the same dis-
charge voltage of 15 kV. The pressure at the inlet of the hydrodynamic
emitter was 6 MPa (this is the optimal value for the emitter used, since
the rarefication in the discharge chamber reached at this inlet pressure
is 0,8 bar, further increase of the inlet pressure leads to a slow grows of
the rarefication to a maximum value of 0,93 bar at 120 bar at the inlet).
The pressure at the outlet of the hydrodynamic emitter was atmo-
spheric.
The original design of the hydrodynamic emitter enables a strong
cavitation inside the whole discharge chamber. This is achieved by
hydrodynamic flows, which cause pressure reduction inside the
chamber. The cavitation number of the system is 0.0027, which con-
firms the hypothesis. The number was calculated from the following
values: water density at 25˚C – 997.07 kg/m3, average flow velocity at
the outlet of the hydrodynamic emitter – 99 m/s (the value is taken
from the model of the emitter, using the software Comsol Multyphysics,
the modelling results are shown in Fig. 4), vapor pressure at 25˚C –
3160 Pa, pressure at the outlet of the emitter – 16212 Pa (measured
value).
We used a cyclone to separate the gas produced during the treat-
ment. The composition of the released gas was analyzed using gas
chromatography “CrystalLux-4000 m” provided by “RPC Meta-chrom”
Ltd. was used (more information about the device and methods can be
found in https://www.meta-chrom.ru/catalog/chromatographs/
crystallux-4000m/). During water treatment approximately
500–1000 cm3 of gas was produced per minute.
Emission spectra were recorded to study the discharge parameters
in relation to the material used for the electrodes. A spectrometer
QE65000, with high spectral response and high optical resolution in a
small footprint, was used. For complete details of this detector, visit
www.hamamatsu.com. Spectra were recorded in a wavelength range of
200–1000 nm. The sensor was mounted directly to the setup in a
chamber closed from light.
The cavitation noise spectra were measured using a dynamic pres-
sure sensor PS 01–03 with a single crystal element, operating in a wide
dynamic range with a sensitivity of 400 nC/bar and a nonlinearity <
2% at a signal frequency of over 20 kHz. The sensor was placed at the
entrance to the discharge chamber.
The concentration of silver ions in the treated water was measured
using the potentiometric method on the «Expert 001» device with an
Ag2S electrode. The device was provided by “Econics-Expert Ltd.”. It ia
a universal ion-meter programmed for different tasks. A standard silver
nitrate solution was used to calibrate the instrument.
The disinfection power of the combined treatment was determined
using a suspension of E. coli M−17−A in pre-sterilized water samples.
The daily culture was bred according to the optical bacterial standard.
The water sample was inoculated with 1000 cells/ml. Water samples
were taken before and after treatment. After that they were placed into
Petri cups and bred at 37 °C in a nutritious culture medium. The
number of colonies was counted in accordance with Russian standard
2116–50. For this purpose, the method of accelerated determination of
the coli index using nitrocellulose membrane filters was used. In ac-
cordance with the standard 2116–50 each sample was divided into 5
samples in order to ensure accurate results.
Unlike sterilization, disinfection is not sporicidal. In fact, it elim-
inates many or all pathogenic microorganisms, but does not necessarily
kill bacterial spores. In this paper, we are prudently only claiming
powerful disinfection.
Fig. 1. Scheme of the laboratory setup for water treatment under hydrodynamic cavitation and plasma discharge.
Fig. 2. Intense UV emission in the plasma discharge chamber.
Fig. 3. Schematic of the hydrodynamic emitter.
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3. Results and discussion
Herein, we have investigated the effect of simultaneous treatment
by hydrodynamic cavitation and plasma discharge on bacteria present
in water, namely a suspension of E. coli. Water samples were collected
after bacteriologically contaminated water underwent one, two or three
passages through the hybrid reactor. Experiments were conducted using
electrodes made of three different materials: silver, graphite and brass.
The microbiological analysis of the samples after incubation counted
the E. coli colony number. The results are summarized in Table 1. The
initial concentration of bacteria in water was 25.0 × 107 per mL.
In Table 1 shows the disinfection efficiency’s dependence on the
electrode material used; the most effective decontamination was with
silver electrodes and the worst with brass electrodes. As mentioned
above, we have hypothesized that combined treatment with hydro-
dynamic cavitation and plasma discharge will lead to disinfection via
shock-waves, the action of free-radicals, ozone formation and via UV
light, followed by post-treatment oxidative effects. We carried out a
number of experiments, which aimed to prove the abovementioned
effects and to understand what causes the difference in antibacterial
activity when different electrodes are used.
We assumed that the high effectiveness of silver electrodes may be
caused by the catalytic leaching of silver ions in the treated water. After
treatment with silver electrodes, we measured the concentration of
silver ions and found up to 0.8 mg/L in the treated water. The max-
imum permissible concentration of silver ions in water differs from
country to country. For example, in the sanitary norms for drinking
water that are in force in Russia, the concentration of ions should not
exceed 0.05 mg/L. The US Environment Protection Agency
Fig. 4. Modelling result of the hydrodynamic emitter.
Table 1
Influence of electrode material on the efficiency of water disinfection during






bacteria × 107, bacteria/mL
E. coli
lethality, %
Silver 1 0.5 98.0
2 < 0.001 >99.99
3 <0.001 >99.99
Graphite 1 11.0 56.0
2 < 0.001 >99.99
3 <0.001 >99.99
Brass 1 9.0 44.0
2 1.0 96.0
3 < 0.001 >99.99
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recommends limiting the concentrations of silver ions to 0.1 mg/L. In
some EU countries, the maximum concentration of silver is not con-
trolled, while other countries have determined a concentration of
no> 0.01 mg/L can be present. Silver electrodes can therefore not be
used in our setup for drinking water treatment. Having taken this into
account, it was important to understand how other factors could affect
disinfection.
In order to understand, if the antibacterial effect of the setup with
silver electrodes was caused only by the silver ions, we have carried out
an experiment, in which a silver wire was put into the water. After that,
the water was ionized with silver ions by applying electrical current to
the wire. The concentration of ions was increased to 0.8 mg/L. We have
found, that after such treatment the lethality of E. coli was 46%, while
after treatment by the hydrodynamic cavitation and the plasma dis-
charge the lethality was 98% (for silver electrodes).
Thus, the antibacterial effect must be caused not only by the silver
ions, but also by the abovementioned phenomena: acoustical cavita-
tion, free radicals, ozone and UV-light. Further experiments were car-
ried out in order to understand, how the material of the electrode affect
the different phenomena and confirm the presence of the above-
mentioned effects.
In order to confirm the intense hydrodynamic cavitation, we mea-
sured the acoustical spectrum of the noise created during the experi-
mental run. The results of that measurement are summarized in Fig. 5.
The formation of a cavitation zone is accompanied by the appear-
ance of cavitation noise, whose intensity rises with the acoustic pres-
sure in the liquid. The spectrum of cavitation noise measured in the
liquid flow during sonoplasma discharge is shown above. The spectrum
does not depend on the electrode material. The spectrum shows peaks
in a wide range of frequencies, which indicates the presence of intense
cavitation in the fluid stream – an avalanche-like reproduction of cav-
ities initiated by a chain mechanism. The effect of cavitation alone on
microorganisms is well studied and has been reported, for example, in
[48]. In our experimental setup, microorganism suppression of up to
95% was reached, and similar values cannot be achieved using
hydrodynamic cavitation alone. Experiments with E. coli show, that
maximal suppression of microorganisms with hydrodynamic cavitation
only in our setup is about 10%. At the same time, the use of the dis-
charge without cavitation has almost no effect in a water stream. Si-
multaneous use of both: the discharge and the cavitation cause a sy-
nergetic effect. Cavitation facilitates the formation of a discharge
throughout the volume due to the fact, that inside the cavitation bubble
there is rarified gas, in which it is much easier to create a discharge
compared to a liquid medium. Thus, the need of a hybrid technology is
obvious.
In order to confirm the formation of •OH radicals in the treated li-
quid, we used methanol as a model organic contaminant. The experi-
ments in the laboratory setup show that simultaneous treatment with
hydrodynamic cavitation and plasma discharge is effective for the de-
composition of this pollutant. The treatment of a 7% methanol solution
at a flow rate of 1000 L/hour using graphite electrodes caused a 5-fold
decrease in the concentration of methanol, the solution was completely
mineralized when it was treated 3 times in a row. We also compared the
methanol concentration after treatment using different electrodes in the
experimental setup, and found that it was 1.5% after treatment using
graphite electrodes, 2% using brass electrodes and 1.8% using silver
electrodes.
The plasma decomposition of organic compounds is a developing
technique in the field of advanced oxidation processes. According to
[47], the multistep oxidation of methanol can be considered a typical




CH OH OH CH OH CH O CHO OH C
O H O
·








The process can be considered an indicator for •OH radical forma-
tion. As we can see from the equation, the products of the reaction are
water and carbon dioxide. This was confirmed experimentally during
the treatment by an analyses of the gas composition. This experiment
Fig. 5. The spectrum of cavitation noise recorded during the operation of the experimental setup.
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was carried out using graphite electrodes. The results are reported in
Table 2.
It should be noted that this reaction only describes the process of
methanol oxidation in the system due to hydroxide, and is an idealized
model of the decomposition of the substance in a plasma discharge.
Under real conditions, other products can be formed in the intermediate
stages and as resulting by-products. This is evidenced by the fact that a
significant amount of methane (up to 8%) is present in the mixture of
gases formed during the treatment of the methanol solution. In this
case, the percentage of hydrogen in the mixture is 1.5-times lower than
in the processing of clean water.
A possible reason for this is the formation of methane molecules
from atomic hydrogen formed in the process:
+ +CH OH H CH H O23 4 2 (4)
The results of the experiment indicate that •OH radicals are formed
during the simultaneous treatment of contaminated water with hydro-
dynamic cavitation and plasma discharge. The electrode material sig-
nificantly affects radical formation and, consequently, disinfection
power in water. The effect achieved when graphite electrodes are used
is higher than when brass electrodes are used, while the reduction of
methanol concentration in water is also more effective when graphite
materials are used. The effect of •OH radicals when silver electrodes are
used is supported by the inhibiting effect of silver ions in solution on
microorganisms.
Another indication of the presence of free radicals in the treated
water is the prolonged oxidation after the treatment. We assume, that
the prolonged oxidation is caused by the secondary products of the free
radicals (hydrogen peroxide, oxides of metals etc.), thus the prolonged
oxidation can be seen as an indication of the presence of free radicals
during the treatment. The lifetime of the OH radicals is 10−9 s, thus it is
challenging to register them directly and we can build a hypothesis
about their presence based on secondary effects caused by them.
Prolonged oxidation was investigated using a model solution with a
high concentration of E132 dye (~1000 mg/L). Immediately after
processing, the adsorption of light at a certain wavelength fell> 2-fold
compared to the original solution. After that, the solution was kept for
60 h in the dark. During this exposure, the solution continued to bleach
without reprocessing. Photos of the solution before and after treatment
and 60 h after treatment are shown in Fig. 6.
We measured the absorption of white light by the E132 dye solution
before and after treatment over time. The measurements were carried
out after treatment in the setup with various electrode materials. The
results of the measurements are reported in Fig. 7.
As shown in Fig. 5, the change of light absorption immediately after
treatment was the highest when graphite electrodes were used, while
Table 2
Composition of the gas formed during the simultaneous treatment of a water
and methanol solution under hydrodynamic cavitation and plasma discharge.
Test Mass fraction %
Hydrogen Carbon dioxide Methane
water 55.5 < 1 –
7% methanol in H2O 38.8 9.5 8.4
Fig. 6. Photos of the initial solution E132 (a), the solution after treatment (b)
and 60 h after treatment (c).





















































Fig. 7. Change in the absorption of white light by the E132 dye solution over time after dilution and treatment with hydrodynamic cavitation and plasma.
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the drop in light absorption over time was also higher when the gra-
phite electrodes were used. The results are in line with the results ob-
tained after the decomposition of the methanol solution, and indicate
that the amount of radicals formed depend on the material of the
electrodes used.
After 60 h, the solution completely lost its color and the light
transmission coefficient became that of a pure water sample. At the
same time, the light transmission coefficient through the untreated
solution showed no significant changes over time. We have thus ob-
served that oxidation continued after treatment. It is also likely that
chemical changes occur in the structure of the dye during processing,
making it less stable.
As mentioned above, apart from disinfection via cavitation and ra-
dical formation, we also expected to observe disinfection by UV light.
We carried out spectroscopic studies in order to understand whether the
effect of UV light depends on the electrode material.
We observed that the intensity of the glow changed greatly when
using electrodes made of different materials. The obtained spectra are
shown in Fig. 8 and the UV peak is shown in Fig. 9. The brightest
plasma discharge-glow was observed when the graphite electrodes were
used. The lowest discharge-glow intensity was observed in all spectral
regions when the brass electrodes were used. These results are in line
with the measured disinfection efficiencies. This clearly indicates that
the effect of UV radiation on the treated liquid plays important role in
the disinfection process.
4. Conclusions
We have shown that the simultaneous, continuous-flow treatment of
polluted water with hydrodynamic cavitation and plasma discharge
causes microorganism suppression (E. coli) and the decomposition of
organic pollutants (methanol 7%). The proposed hybrid technology
combines cavitational [49] and plasma effects [50] and is easily scal-
able, which makes it suitable for industrial applications. We have
shown that the treated liquid is affected by cavitation, radical genera-
tion and UV light. Moreover, prolonged oxidation takes place in the
treated liquid after the treatment ends. The disinfection efficiency is
significantly affected by the electrode material, and is enhanced when
silver electrodes are used, due to the leaching of silver ions into the
water. As the Ag + concentration is over the admitted limits, silver
electrodes cannot be used for the treatment of drinking water. The use
of graphite electrodes for this purpose is therefore recommended.
Also it is important to understand, that while the method is uni-
versal the final result may vary in each case. For example, in case of
very high concentrations of oil products in the water treatment with the
suggested method may lead to the appearance of unwanted by-products
including some of oxygenated organic compounds [47,51]. In this case
preliminary water treatment may be required.
The excellent results achieved in the degradation of methanol in
water have prompted us to further investigate the effect of simulta-
neous treatment by hydrodynamic cavitation and plasma discharge on
various POPs in water.
The water treatment under the present conditions can be easily
integrated into any systems and does not requires any chemical re-
agents. The low power needed of 1–4 kW is related to the POPs char-
acteristics and concentration. In Russian Federation 1 kW*h costs ap-
proximately 0.05 euro. The total cost of all equipment depends on the
concrete characteristics of the technological process and the flow rate.
The internal estimated cost of discharge chambers, electrodes and
power blocks is in the range of 1000–5500 euro (since the blocks should
be integrated into water treatment lines the pumps of such lines would
be used). Maintenance costs are in the range from 50 euro to 300 euro
per year. Very recently Marsalek et al. applied in lab scale hydro-
dynamic cavitation with cold
plasma discharge to inactivate cyanobacteria in water [52]. To the
best of our knowledge this is the only case reported so far, while few
other investigations were dealing with treatments under acoustic ca-
vitation and plasma [53]. Thus, there is huge potential in the design of
industrial applications of the proposed technique for water deconta-
mination and purification from specific organic pollutants.
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